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a b s t r a c t
In the present study, titanium dioxide (TiO2) nano-photocatalyst was characterized and used for 
the removal of estrone (E1) and estriol (E3), which are endocrine disrupting compounds (EDCs). 
The photocatalytic process is a very interesting alternative for the removal of such EDCs that is 
identified on the watch list of EU Decision 2015/495. The effects of operating parameters such 
as pH (3–10), contact time (1–10 min) and catalyst dose (0.025–0.100 g) were investigated. It was 
revealed that nano-TiO2 exhibited a significantly enhanced photocatalytic efficiency toward E1 and 
E3 degradation. The increased efficiency was attributed to increased catalyst dosage, decreased 
pH value and smaller catalyst size. In general, it was observed that the presence of TiO2 enhanced 
the photodegradation of E1 and E3; and that the particle size of TiO2 was an important fac-
tor influencing dye removal. In the kinetic study, our study is fitted by Langmuir–Hinshelwood 
model. In addition, the humic acid and co-existing anion concentrations were also investigated. 
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1. Introduction

Several contaminants of emerging concern (CECs) 
can be natural or anthropogenic substances found at con-
centrations between ng/L and μg/L levels have a negative 
impact on aquatic compartments, such as surface water, 
groundwater and even drinking water, and include pes-
ticides, industrial compounds, pharmaceuticals, personal 
care products, steroid hormones, drugs of abuse and oth-
ers [1,2]. These CECs consumed by both humans and ani-
mals are not completely assimilated, but instead, they are 
excreted unchanged or as metabolites, back into the aquatic 
environment [3]. Endocrine disrupting compounds (EDCs) 
which are leading to increased global awareness and con-
cern are one of the most important categories of emerging 
contaminants that pose a serious threat to not only aquatic 

organisms but also terrestrial health [4]. Various processes 
have been designed to produce high-quality drinking 
water through the removal of these pollutants from sur-
face waters [5]. Advanced oxidation processes, such as 
the Fenton process [6], ozonation [7], photocatalysis [8], 
photocatalytic degradation [9] and direct photolysis [10] 
have been investigated for steroid hormone removal. Most 
pharmaceuticals are recalcitrant to oxidation and are not 
easily decomposed. In recent years, ultraviolet (UV) irradi-
ation has been proposed to be effective for oxidation [11]. 
Photocatalysis follows a series of basic steps that occur inside 
the irradiated catalyst (e.g., charge carrier production) and 
also on the surface where interfacial redox reactions subse-
quently produce reactive species (free electron e– and elec-
tron-hole h+) that oxidize refractory organic pollutants that 
are at or near the surface in the presence of solid catalyst 

mailto:eminebasturk@hotmail.com
mailto:mkaratas33@gmail.com


323E. Basturk, M. Karatas / Desalination and Water Treatment 224 (2021) 322–330

such as nano-titanium dioxide (TiO2) has been receiving 
more attention in water treatment studies due to the nonspe-
cific nature of reactive oxygen species produced under UV  
irradiation [12–14]. 

The main aim of the present study was to use highly 
active TiO2 nanoparticles that have different particle dimen-
sions. The photocatalytic removal of estrone (E1) in aque-
ous TiO2 dispersions and UV irradiation as well as the 
dependence of photo-oxidation rate on the parameters of 
(i) TiO2 (10 nm) and TiO2 (10–25 nm), (ii) catalyst amount, 
(iii) pH effect and (iv) kinetic study was also investigated.

2. Materials and methods

2.1. Materials

The TiO2 anatase (anatase >99%, crystalline size 10 nm 
and 10–25 nm) was purchased from Ege Nanotek Chemical, 
Turkey. For the preliminary experiments, the certificated 
reference material (CRM) materials, steroids and phar-
maceuticals mix were obtained from Restek. The estrogen 
hormones (Estrone (CAS 53-16-7), Estriol (CAS 50-27-1)) 
were purchased from Sigma-Aldrich and Dr. Ehrenstorfer 
GmbH and also acetonitrile, NaOH, H2SO4, pyridine, and 
derivatization reagents (N,O-bis(trimethylsilyl)trifluoro-
acetamide (BSTFA) and 1% trimethylchlorosilane (TMCS)) 
were obtained from Sigma-Aldrich. All of the chemicals 
were used as received without any further purification. All 
of the solutions were prepared using ultrapure water from 
a Milli-Q synthesis unit (Millipore). The physical and chem-
ical properties of the TiO2 (anatase) are given in Table 1.

2.2. Catalyst characterization

The X-ray diffraction (XRD) measurements of the sam-
ples were carried out with an X-ray diffractometer (Bruker 
D8 Advance X-ray Diffractometer) operating with a Cu 
K radiation wavelength of 1.54059 Å at room temperature. 
Data were collected over 2 h values from 20θ to 88θ at a 
speed of 2θ/min to assess the crystallinity and confirm the 
structure and phase. The pH at the point of zero charge 
(pHpzc) for the catalyst was determined using the batch 
equilibration technique.

2.3. Analyses and experimental procedure

The analytical procedure was carried out according to 
the EPA 1698 method. All of the samples were prepared 
before measuring to GC/MS by liquid–liquid extraction. 

After the extraction process, all of the samples were deri-
vatized in order to measure them easily. A derivatization 
procedure; 50 μL of a mixture of BSTFA+1% TMCS and 
50 μL pyridine were used. The vials were closed and agi-
tated for 1 min using a vortex system. Derivatization was 
performed at 60°C for 30 min. The derivatives were cooled 
to room temperature and analyzed by GC. All the pharma-
ceuticals were analyzed by means of a Shimadzu GC QP2010 
Plus/MS and an RTX-5 column (60 m × 0.25 mm, 0.1 μm). 
The characteristic ions after the GC results were found to 
be similar to those obtained by Migowska et al. [15]. The 
retention times were 26.75 min for estrone and 30.90 min 
for estriol. The characteristics ions detected with GC/MS 
were 342,257,218 m/z and 504,311,129 m/z for estrone and 
estriol, respectively. To the best of our knowledge, these 
characteristic ions regarding these compounds have never 
been discovered before (218 m/z for estrone; 129 m/z for 
estriol). The siltation compounds formed after the deri-
vatization of the drugs were identified with the NIST 7 
library. For estrone and estriol, the compounds formed after 
derivatization were Estra-1,3,5 (10) trien-17-one, 3-[(trimeth-
ylsily)oxy] and silane, [[(16a, 17a) 5 (10) -triene-3,16,17-triyl] 
tris (oxy)] tris [trimethyl- or tri (trimethylsilyl)] derivative of 
estriol. The limit of detection and limit of quantification val-
ues were 0.213 and 0.710 μg/L for E1 and 0.195 and 0.649 for 
E3, respectively. In addition to these, humic acid (0–20 mg/L) 
and anion (0–500 mg/L) concentrations were prepared for 
the determination of the removal efficiency for co-existing ions.

3. Results and discussion

3.1. The characterization and the catalytic effect of catalyst

Due to its chemical stability, high photocatalytic activity 
and low toxicity, TiO2 is the most preferred photocatalyst 
for heterogeneous photocatalytic processes [16]. The pho-
tocatalyst morphology and crystallinity, presence of active 
groups, porosity (Brunauer–Emmett–Teller surface area) 
and light absorption properties are some important prop-
erties that can indicate adsorption capacity [16]. In order 
to identify the morphology and point of zero charge of 
the nanocatalyst, XRD and pHpzc (batch equilibration 
technique) analysis was performed. The characterization 
analysis results are shown in Figs. 1 and 2. 

According to the XRD results, the maximum peak val-
ues were 2θ = 25°, 5° (10–25 nm) and 2θ = 27°, 6° (10 nm). 
The high peak values showed that the material used TiO2 
is anatase type as same in the literature (Fig. 1) [17,18]. The 
crystal structure of natural TiO2 nanoparticles appeared 
at 2θ = 25.5°, 38.1°, 48.1° and 55.2°. These are character-
istic peaks of TiO2 nanoparticles [19]. Both TiO2 particles 
exhibited almost identical properties. This is because the 
crystal structure does not change.

The initial and final values of pH were only the same 
at pH 7.41, thus the pHpzc of TiO2 was determined as 7.41 
(Fig. 2). This pHpzc suggests that the surface of the catalyst 
should be predominantly positive at pH values lower than 
7.41 and negative at pH values higher than 7.41. The sur-
face charge density of the material should decrease when 
the pH of the solution approaches pHpzc and increases 
as it deviates from pHpzc [20]. 

Table 1
Anatase TiO2 properties

Purity 99%
Average particle dimension 10 nm
Surface area 200 m2/g
Color White
Morphology Nearly spherical
Density (real) 4.23 g/cm3

Density (bulk) 0.06–0.10 g/cm3
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3.2. Effect of catalyst dosage

As stated in the literature in the treatment of pharma-
ceuticals, the UV/TiO2 system, which is one of the most 
commonly used advanced oxidation method, is used 
[11,21,22]. A larger specific surface area leads to increased 
photocatalytic activity and can also increase the poten-
tial of the recombination of electron-hole pairs as sur-
faces act as defects and annihilation sites [23]. In this 
study, the nanocomposite forms of TiO2 were applied as a 
photocatalyst. This configuration has disadvantages such 
as recovery and separation from aqueous solutions during 
treatment [23,24]. Firstly, the effect of sole TiO2 and sole 
UV on removal efficiency was investigated (Figs. 3–5). 
According to the experimental results, no effect of sole UV 
and sole TiO2 as defined in the literature was observed [25]. 
In heterogeneous systems, the yield of removal is linear, 
with an increase in catalyst dosages [3]. In the present study, 
different catalyst loadings (0.025; 0.050; 0.075 and 0.1 g/L) 
were investigated to select a suitable loading for further 
experiments. It was determined that the removal efficiency 
increased with the increase in the amount of TiO2 (Fig. 4). 
The greatest overall degradation of steroid hormones was 
observed at a catalyst dosage of 0.075 g/L for both pollut-
ants (Fig. 6). An almost 2.04- and 3.19-fold and increases 
in removal efficiency was observed at UV/TiO2 system, in 
comparison to sole UV radiation and sole TiO2 for estrone 

(E1). Similarly, an almost 3.72- and 2.83-fold and decreases 
at removal efficiency was observed at sole UV radiation 
and sole TiO2, in comparison to UV/TiO2 system for estriol 
(E3). Experimental results also showed that the smaller 
catalyst size provided better degradation efficiency due to 
the increase in the surface area (Figs. 4 and 5). It was clear 
that the sole UV radiation and sole TiO2 was insufficient. 
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Fig. 1. The XRD graphs of nano-TiO2 (▼: anatase type).
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Fig. 2. The pHpzc graph of nano-TiO2.  

Fig. 3. Effect of sole catalyst in dark and light media in different 
catalyst sizes ([E1-E3] = 100 μg/L, pH = 6, 8). (a) E1 removal 
and (b) E3 removal.
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However, the photocatalytic system was feasible and the 
smaller size was feasible for degradation.

3.3. pH effect

pH value is one of the most important parameters 
in heterogeneous photocatalytic systems. The pH value 
significantly affects the precipitation of the catalyst, the 
charge of the TiO2 surface and the ionization state of the 
organic molecules [26]. In order to explain the behav-
ior of target estrogens under different pH conditions, the 
mechanism of photocatalytic purification must be under-
stood. This mechanism includes (i) adsorption and (ii) the 
reaction between hydroxyl radicals and holes that occur 
on the catalyst surface. pH depends on the TiO2 charge 
and estrogen ionization degree at different pH values. 
The TiO2 surface is amphoteric, thus, different charged 
species occur in different pH conditions. The pHpzc value 
is a good indication of surface load conditions at differ-
ent pH values. Hence, the charge of TiO2 was positive at 
acidic media and negative in basic media (pHpzc value of 
TiO2 = 7.41). The surface charge was negative, positive 

and neutral, when pH > pHpzc, pH < pHpzc and pH = pHpzc, 
respectively. According to their pKa values, the steroid hor-
mones, namely E1 and E3, were neutral in acidic conditions 
and negative in basic conditions [12]. Under basic condi-
tions, electrostatic repulsion occurs between the negatively 
charged TiO2 surface and the target compounds. As a result, 
the oxidation of organic molecules by different species 
related to TiO2 photocatalysis is reduced [27]. It is much 
easier to observe the interaction between charged com-
pounds and the TiO2 surface, the interaction of the neutral 
compounds is related to the pH value of the solution and 
the potential for electron acceptance (nucleophilicity) of 
these compounds. The neutral compound is adsorbed to 
the charged TiO2 surface if it is in a more electron accept-
ing capacity (more powerful nucleophile) and the pH of 
the solution is close to the pHpzc value [28]. Many organic 
compounds form ionic bonds with metal oxides such as 
TiO2 [29]. As a result, the oxidation of neutral pollutants 
such as the target compounds in this study can be achieved 
by the TiO2 photocatalytic system. In the present study, 
target estrogenic compound removal was feasible at neu-
tral conditions rather than negative conditions (Fig. 6).  

Fig. 4. Effect of catalyst dosage on removal ([E1-E3] = 100 μg/L, pH = 6, 8). (a) E1, catalyst size = 10 nm; (b) E1, catalyst 
size = 10–25 nm; (c) E3, catalyst size = 10 nm; (d) E3, catalyst size = 10–25 nm.
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The pH effect on the removal of the target estrogens was 
investigated with pH values of 3 (acidic), 6.8 (neutral) and 
10 (basic). When pH increased from 3 to 6.8, the removal 
efficiencies of E1 and E3 decreased from 71.85% and 
68.43% to 71.54% and 62.21%, respectively. When pH fur-
ther increased to 10, the removal efficiencies of E1 and E3 
only decreased to 48.59% and 44.17%, respectively. The 
optimum pH was selected as 6.8 (neutral) because of no 
pH adjustment. Moreover, as stated in the literature, due 
to the fact that the molecular structures of the synthetic 
hormones (E1-E3) used in this study were similar, a similar 
effect was observed in the removal mechanism [12]. In addi-
tion, it can be concluded from Table 2 that estrogen (EDC) 
removal by UV/TiO2 photocatalytic oxidation was an effi-
cient method compared to various removal efficiencies and 
operation times reported in similar studies in the literature.

3.4. Kinetic study

The Langmuir–Hinshelwood (L–H) mechanism is 
used to describe the photocatalytic oxidation kinetics 
[12,30]. When TiO2 was used as the catalyst, the photo-
catalytic kinetics of organic compounds conformed to the 
L–H model principle, which describes reactions between 
radicals and molecules [30,31]. Langmuir–Hinshelwood 
kinetic model is given in the following equation [32]:

r dC
dt

CK
KC

= − =
+
kr

1
 (1)

where r is the rate of degradation, K is the equilibrium 
constant for the adsorption of organic molecules on the 
catalyst surface and kr is the reaction constant. This 
equation can also be written in the following form (Eq. (2)):

lnC
C

Kt k t0 ≈ = ′kr  (2)

Eq. (2) can only be utilized if the initial pollutant con-
centration is very low [33]. The obtained constant rates 
of removal at photocatalytic are shown in Tables 3 and 4.

3.5. Effect of humic acid and anion concentrations 
on removal efficiency

Due to the photosensitizing ability, increasing humic 
acid concentrations at stable level (5–15 mg/L), the degra-
dation efficiency is also increased (Fig. 7). After 20 mg/L, 
the removal efficiency decreased as the reaction between 
humic acid and active radicals and the turbidity effect.  
Similar results regarding the same effect of humic acid 
were reported in various studies in the literature [34,35]. 

Anion concentration varying from 0 to 500 mg/L was 
tested for finding on removal efficiency of target pollut-
ants (Fig. 8). It was determined that sulfate, chloride and 
nitrate concentration had an insignificant effect on removal 
efficiency. As similar as literature, these radicals will 
affect the reaction between pollutants and radicals [36]. 
By increasing the bicarbonate, carbonate and phosphate 
concentrations from 0 to 500 mg/L, the removal efficiency 
was rendered because of the hydroxyl radical scaveng-
ing properties and consumption of holes by high anion 
concentrations.
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Fig. 5. Removal of steroids hormones with different systems 
([E1-E3] = 100 μg/L, pH = 6, 8). (a) E1 removal and (b) E3 removal.

Table 2
EDC removal efficiencies with various methods (%)

EDC Process Removal efficiency % Time (min) Sources

E1-E3 UVC/TiO2 98–60 180 [30]
E1-E3 UVA/TiO2 49–20 180 [30]
E1-E3 UV LED/porous TiO2 ~100 120 [12]
E1-E3 UV/immobilized TiO2 95–95 100 [31]
E1 UV/TiO2 P25 95 10 [9]
E1 UV/TiO2-S21 Sigma-Aldrich 80 260 [32]
E1-E3 UV/nano-TiO2 (different particle size) 65–57 10 This study
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Fig. 6. Effect of pH on removal ([E1-E3] = 100 μg/L, catalyst dosage = 0.075 g/L). (a) E1, catalyst size = 10 nm; (b) E1, catalyst 
size = 10–25 nm; (c) E3, catalyst size = 10 nm; (d) E3, catalyst size = 10–25 nm.

Table 3
The coefficients of characteristic constants of the kinetic model (all experimental studies) (E1 compound) 

Catalyst  
dosage (g/L)

0.025 0.05 0.075 0.1

Catalyst size  
(10 nm)

k 0.0372 0.0432 0.0834 0.0974

R2 0.9798 0.9777 0.9603 0.9530

pH and sole  
catalyst

3 6.8 10 Sole catalyst

k 0.0932 0.0834 0.0446 0.0149

R2 0.9552 0.9603 0.9772 0.9860

Catalyst  
dosage (g/L)

0.025 0.05 0.075 0.1

Catalyst size  
(10–25 nm) 

k 0.0275 0.0353 0.0745 0.0832

R2 0.9827 0.9804 0.9646 0.9604

pH and sole  
catalyst

3 6.8 10 Sole catalyst

k 0.0956 0.0745 0.0343 0.0118
R2 0.9539 0.9646 0.9807 0.9866
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4. Conclusion

In this study, nano-TiO2 was used and the steroid 
hormone removal ability from the photocatalytic reactor 
with a low-pressure lamp was investigated.

It was observed that the presence of nano-TiO2 enhanced 
the photodegradation of E1 and E3 and that particle size 
was an important factor influencing degradation effi-
ciency. Comparing the performance of the different sized 
catalysts, it can be concluded that the high surface area 

 (a) 

 (b) 

 (c) 

(d) 

Fig. 8. Effect of anions on removal of target pollutants 
([E1-E3] = 100 μg/L, catalyst dosage = 0.075 g/L, pH = 6, 8. 
(a) E1, catalyst size = 10 nm; (b) E1, catalyst size = 10–25 nm; 
(c) E3, catalyst size = 10 nm; (d) E3, catalyst size = 10–25 nm.

(b) 

(c) 

(d) 

 (a) 

Fig. 7. Effect of humic acid on removal of pollutants 
([E1-E3] = 100 μg/L, catalyst dosage = 0.075 g/L, pH = 6, 8. 
(a) E1, catalyst size = 10 nm; (b) E1, catalyst size = 10–25 nm; 
(c) E3, catalyst size = 10 nm; (d) E3, catalyst size = 10–25 nm.
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of nano-TiO2 enhances the removal efficiency and that 
the smaller catalyst surface in particular showed a better 
removal efficiency of the selected pollutants.

Moreover, the optimum condition of the process was 
achieved at a catalyst dosage of 0.075 g/L and a pH of 6.8. 
When the results are observed, it can be concluded that the use 
of the Response Surface Methodology approach can be use-
ful for the degradation and a more effective method belong to 
short irradiation time. The effect of humic acid concentration 
was also investigated and it was determined that an increase 
in humic acid concentration at a certain level, increased the 
removal efficiency. Various coexisting anions such as sulfate, 
chloride and nitrate, did not affect the removal efficiency. 
However, some anions including bicarbonate, carbonate 
and phosphate decreased the removal efficiency due to their 
hydroxyl scavenging properties. The kinetic data revealed 
that the decolorization was fitted by Langmuir–Hinshelwood 
model. Due to the synergic effect of adsorption, the photocat-
alytic degradation efficiency of the pollutants can increase.
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